NA aptamers are short RNAs that bind intracellular molecules or proteins and can thus modulate intracellular processes 1,2 . Because aptamers can bind specific domains 3 and conformations 4 of proteins, they can either inhibit proteins or modulate their function. Despite their potential applications, RNA aptamers have not achieved anywhere near the level of widespread use as other RNA-based technologies such as small interfering RNAs or guide RNAs.
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NA aptamers are short RNAs that bind intracellular molecules or proteins and can thus modulate intracellular processes 1, 2 . Because aptamers can bind specific domains 3 and conformations 4 of proteins, they can either inhibit proteins or modulate their function. Despite their potential applications, RNA aptamers have not achieved anywhere near the level of widespread use as other RNA-based technologies such as small interfering RNAs or guide RNAs.
The major problem with RNA aptamers is that they cannot be expressed at sufficiently high concentrations to efficiently modulate protein function. When expressed using the U6 promoter, the most effective promoter for small RNA expression 5 , RNA aptamers achieve concentrations in the low nanomolar range and exhibit half-lives ranging from 0.25 to 1.25 h 6 . However, proteins are often expressed in the high nanomolar or even micromolar range in cells 7 , meaning that aptamer concentrations are too low for stoichiometric regulation of target proteins.
Low expression levels also prevent the use of RNA devices, such as genetically encoded RNA-based metabolite biosensors, in mammalian cells. These biosensors are RNA transcripts that comprise a fluorogenic RNA aptamer such as Spinach 8 and an aptamer that binds a metabolite [9] [10] [11] . Routine design of these biosensors 12 has enabled fluorescence imaging of diverse metabolites and signaling molecules in bacteria [9] [10] [11] . However, unlike in bacteria, where these RNA-based metabolite biosensors accumulate to micromolar concentrations 9 , these RNA devices are expressed at nanomolar concentrations in mammalian cells 6 . As a result, these biosensors produce undetectable fluorescence signals in mammalian cells.
Here we describe a novel expression system that achieves highlevel expression and functional activity of RNA aptamers and RNA devices in mammalian cells. With this approach, RNAs are stable because they are rapidly and efficiently circularized. Circularization is achieved without the co-expression of any additional proteins or enzymes. To trigger RNA circularization, RNA transcripts are expressed containing an RNA of interest flanked by ribozymes that undergo spontaneous autocatalytic cleavage. The resulting RNA contains 5′ and 3′ ends that are then ligated by the nearly ubiquitous endogenous RNA ligase RtcB. Using this approach, protein-binding RNA aptamers that otherwise have minimal effects in cells become potent inhibitors. Additionally, RNA-based biosensors can now be expressed at high levels and used to detect metabolite fluctuations in mammalian cells. Overall, this expression system enables RNA aptamers and RNA devices to be used as tools for manipulating proteins and imaging cellular processes in mammalian cells.
Results

Designing autocatalytic transcripts as ligation substrates.
To stabilize RNA aptamers and devices in cells, we wanted to express them as circles. RNA circles are resistant to intracellular exonucleases since they lack a 5′ or 3′ end. Naturally occurring circular RNAs show half-lives that can be measured in days 13 , demonstrating the stabilizing effect of circularization.
Endogenous RNA circularization is primarily a consequence of 'back-splicing' reactions in messenger RNA (mRNA) 14, 15 . A second mechanism for RNA circularization occurs during transfer RNA (tRNA) splicing. A subset of tRNAs contain an intron that is cleaved by a tRNA-specific endonuclease 16 . The tRNA endonuclease creates unique ends on RNA: a 5′ hydroxyl and a 2′,3′-cyclic phosphate at the 3′ end 17, 18 . These ends are recognized for ligation by RtcB 19 . After cleavage, RtcB ligates the resulting tRNA to form the mature tRNA [20] [21] [22] . Since the released intron also contains 5′ and 3′ ends that can be ligated by RtcB, the intron can be circularized ( Supplementary Fig. 1a) . By inserting the fluorogenic aptamer Broccoli 23 into the intron sequence of tRNA Tyr , we previously showed that a circular Broccolicontaining intron was generated 24 . However, in this system, termed 'tricY' , circular Broccoli levels were only slightly higher than those of linear Broccoli expressed from an identical U6 promoter 24 . Based on the high level of uncleaved linear tRNAs ( Supplementary Fig. 1b,c) , the rate-limiting step appears to be endonucleolytic cleavage to generate RNA fragments with RtcB-compatible ends ( Supplementary Fig. 1c ).
We therefore wanted to efficiently generate RNAs containing RtcB-compatible 5′ and 3′ ends within mammalian cells. To mimic processing by tRNA endonuclease, we considered expressing RNA transcripts containing ribozymes that autocatalytically cleave and produce the same 5′ hydroxyl and 2′,3′-cyclic phosphate ends as the tRNA endonuclease.
Most ribozymes show cleavage rates that require tens of minutes or even hours for the cleavage to reach completion under physiological conditions 25 . This would not be useful, since an expressed RNA would be degraded before the 5′ and 3′ ends are generated. However, recently described 'Twister' ribozymes 26 undergo selfcleavage to produce 5′ hydroxyl and 2′,3′-cylic phosphate ends at rates hundreds of times faster than optimized hammerhead ribozymes 27, 28 under physiological conditions 29 . We reasoned that we could genetically encode RNAs containing a 5′ hydroxyl and a 2′,3′-cyclic phosphate by expressing RNAs of interest flanked by Twister ribozymes. After autocatalytic processing, the 5′ and 3′ ends would become substrates for RtcB-mediated ligation. Following ligation, the RNA between the ribozymes would be circularized.
In order to distinguish these circular RNA from others derived from back-splicing or tRNA introns, we termed circular RNAs generated in this manner as ribozyme-assisted circular RNA (racRNA) (Fig. 1) . The intermediates required to generate racRNA are designated as primary racRNA (pri-racRNA) and pre-racRNA, which denote, respectively, the linear transcript that contains the ribozymes before cleavage and the linear transcripts that are cleaved but not yet circularized (Fig. 1) .
Selection of ribozymes for RNA processing. We wanted to test different pairs of ribozymes to determine which combinations would efficiently process pri-racRNA to pre-racRNA. We first selected potential ribozymes for the 3′ end of the pri-racRNA. After cleavage, a 2′,3′-cyclic phosphate should remain on the pre-racRNA. Since it is important to leave as little residual ribozyme sequence as possible on the pre-racRNA after cleavage, we focused on ribozymes that cleave near its 5′ end, such as the hatchet ribozyme 30 and a type P1 Twister ribozyme (Oryza sativa Osa-1-4) 31 . We also selected potential ribozymes for the 5′ end of the priracRNA. These ribozymes should leave a 5′ hydroxyl on the preracRNA. To leave a minimal residual ribozyme sequence, we focused on ribozymes that cleave near its 3′ end, including a type P3 Twister from Nematostella vectensis 26 , Twister Sister versions 3 and 4 (ref. 30 ), the pistol ribozyme (M4 construct from Lysinibacillus sphaericus) 30 and a minimal type I hammerhead ribozyme 32 . We wanted the residual fragments remaining on the 5′ and 3′ ends of the RNA of interest to hybridize to each other in order to juxtapose the 5′ and 3′ ends in a way that resembles the physiological tRNA substrate for RtcB ( Supplementary Fig. 1a ). In tRNA, the 5′ and 3′ ends are presented at the ends of a base-paired stem. To mimic this stem in our RNAs, we designed the pre-racRNA so that the 5′ and 3′ ends came together to form a stem comprising 19 base pairs, as well as a 2 nt overhang on the 5′ end and a 7 nt overhang on the 3′ end. The four terminal base pairs of the stem and the overhangs are identical to the ends normally presented by the tyrosine tRNA, a natural substrate for RtcB 21 ( Supplementary Fig. 2 ). In each tested construct, these 'stem-forming sequences' at the 5′ and 3′ ends were inserted between the internal cleavage site of each ribozyme and the RNA of interest ( Supplementary Fig. 2 ).
To preserve the ribozymes' predicted secondary structure after introducing these stem-forming sequences, compensatory mutations were included in each ribozyme sequence ( Supplementary  Fig. 2) . A variant of the P3 Twister was also generated that contains an altered 5′ stem-forming sequence (U2A) to preserve an adenosine that is normally found at this position in this ribozyme ( Supplementary Fig. 2 ).
Next, we synthesized pri-racRNAs with various pairwise combinations of ribozymes by in vitro transcription. To facilitate visualization of the RNAs, we used the Broccoli aptamer, which is readily visualized in gels by staining with DFHBI-1T 6 , a fluorophore that becomes fluorescent upon binding Broccoli 23 . In each construct, Broccoli was flanked by the different ribozymes. The cleavage of either or both ribozymes was assessed by examining the size of the RNA (Supplementary Fig. 3 ). In these experiments, the RNA was resolved by denaturing gel electrophoresis; the denaturant was washed out and the gel was stained with DFHBI-1T.
Comparison of different pairwise combinations of ribozymes demonstrated that cleavage at both the 5′ and 3′ sides of Broccoli was most efficient when the P1 Twister was at the 3′ end, especially when the 5′ ribozyme was a Twister Sister, Pistol ribozyme or the P3 Twister containing the U2A mutation ( Fig. 2a and Supplementary  Fig. 3 ). The hemi-cleaved RNA-RNA in which only the 5′ or 3′ ribozyme underwent cleavage-was present at low levels and did not accumulate (Fig. 2a , labeled as '5′-or 3′-cleaved').
We next confirmed that this autocatalytically processed preracRNA could be circularized by RtcB. Incubation of the pre-racRNA with RtcB from Escherichia coli resulted in a faster-migrating band (Fig. 2b) , consistent with a known property of circular RNAs 33 . This effect was blocked by incubation of the pre-racRNA with T4 polynucleotide kinase (PNK), which was expected to generate a 5′ phosphate and convert the 2′,3′-cyclic phosphate to a 3′ hydroxyl 34, 35 . Lastly, we treated the RNAs with RNase R, which degrades linear RNA but not circular RNA. Only the RtcB-incubated RNA was resistant to RNase R ( Supplementary Fig. 4a) .
Overall these data demonstrate an approach for designing transcripts that autocatalytically generate 5′ hydroxyl and 2′,3′-cyclic phosphate ends and can be circularized by RtcB.
Ribozyme-flanked transcripts are circularized in cells.
We next tested whether ribozyme-flanked aptamers are circularized in cells. We expressed ribozyme-containing transcripts from a plasmid using a U6 promoter 5 . For each construct, we measured the level and size of Broccoli-containing RNA by resolving whole-cellular RNA using polyacrylamide gel electrophoresis (PAGE), followed by gel staining with DFHBI-1T. As a preliminary test to determine whether the RNA was circular, we used actinomycin D (actD), which blocks RNA transcription. Typically, linear RNA aptamers are completely lost after 6 h of actD treatment due to their rapid degradation 24 . In contrast, circular RNA aptamers should show no change in abundance with this treatment 24 . Transcripts containing a 5′ P3 Twister U2A and a 3′ P1 Twister showed the highest level of expression of a Broccoli-containing RNA with no detected side products ( Fig. 2c and Supplementary  Fig. 4b ). The abundance of this RNA was unaffected by actD treatment, suggesting that it is a circular RNA.
We used several approaches to determine whether this abundant and stable Broccoli-containing RNA was a circular RNA. First, we gel purified the band and assessed its sensitivity to RNase R. In contrast to a linear RNA standard, this RNA was not susceptible to RNase R-mediated degradation ( Supplementary Fig. 4c ).
Second, we found that this stable Broccoli RNA exhibited different mobility in gels with different concentrations of polyacrylamide, which is characteristic of circular RNA 33, 36, 37 ( Supplementary Fig. 5a ).
Third, we site-specifically cleaved the RNA using RNase H; RNase H selectively cleaves RNA at sites that are hybridized to a complementary DNA oligonucleotide. If an RNA is linear, then RNase H produces two products; however, if an RNA is circular, then RNase H cleavage produces a single product (Fig. 2d) . We expressed Broccoli using Tornado, and purified the resulting putative circular RNA. Incubation of this RNA with RNase H and a 15-nucleotidelong DNA oligonucleotide designed to hybridize to an internal sequence generated a single RNA product. In contrast, a control linear RNA was cleaved into two fragments (Fig. 2d) . Together, these experiments show that this stable Broccoli RNA is indeed circular and not merely an unusually stable linear RNA.
Next, we tested whether there is any heterogeneity at the ligation site in racRNAs. Sequencing of the gel-purified racRNAs showed that the ligation site consists of a single sequence ( Supplementary  Fig. 5b,c) dictated by the two ribozyme-cleavage sites (see Supplementary Fig. 2 ).
Since this type of racRNA was generated using two Twister ribozymes, we refer to the expression system that generated these circular RNAs as 'Tornado' . The sequence that is expressed as a circular RNA (green) is flanked by the 5′-and 3′-stem-forming sequences (orange), each of which is flanked by the 5′-and 3′-self-cleaving ribozymes (blue and cyan, respectively). Once transcribed, this pri-racRNA becomes cleaved by each ribozyme, which generates a 2′,3′-cyclic phosphate and 5′-OH on the new RNA ends. The stem-forming sequences of the pre-racRNA hybridize and become circularized into racRNA by an endogenous RNA ligase before degradation. The unligated fragments of the pri-racRNA are rapidly degraded by exoribonucleases. Circular RNAs resist endogenous exoribonucleases, allowing the RNA aptamer to reach exceptionally high concentrations.
Comparison of circular RNA expression methods. We next wanted to compare levels of racRNA generated by the Tornado expression system to other circular RNA expression methods. Expression of linear Broccoli in HEK293T cells produced very dim green fluorescence (Fig. 3a) at the short exposure time used in this experiment (200 ms). With the same U6 promoter and exposure time, fluorescence was slightly higher in cells expressing circular Broccoli using the tricY system (Fig. 3a) . However, markedly higher levels of green fluorescence were detected when expressing circular Broccoli using the Tornado expression system (Fig. 3a) . Notably, circular RNA was present in the cytoplasm but at much lower levels in the nucleus ( Supplementary Fig. 6a ). Quantification of fluorescence using flow cytometry indicated that cells expressing Broccoli using Tornado were nearly 200 times as bright as linear Broccoli-expressing cells ( Supplementary Fig. 6b ). These data support the idea that the Tornado expression system produces high levels of circular RNA. An important question is whether aptamers are folded properly when expressed as a circular RNA. Since Broccoli needs to be folded to produce fluorescence, this experiment demonstrates that circularization does not impair the folding of this aptamer. Furthermore, in-gel fluorescence of linear and circular Broccoli bands suggests that circularization stabilizes the folded form of Broccoli, since Broccoli in a circular RNA exhibits ~50% more fluorescence than linear Broccoli (Fig. 2b) .
To further test whether aptamers are folded when expressed using the Tornado system, we expressed Corn, a structurally distinct fluorogenic RNA aptamer that activates the yellow fluorescence of its cognate fluorophore (DFHO) 38 . Expression of Corn as a racRNA resulted in robust fluorescence (Fig. 3b) that was resistant to actD treatment ( Supplementary Fig. 7 ). In contrast, Corn fluorescence was weakly detected when expressed as a linear RNA, and tricY-expressed Corn transcripts were not detected.
Notably, racRNA was expressed using the Tornado expression system in all mammalian cells tested (Fig. 3c,d) . Thus, the Tornado expression system functions in different cell types and expresses diverse RNA aptamers in functional and folded conformations.
Next, we asked whether any other circular RNA expression system generates circular RNA at levels similar to those with the Tornado expression system. We tested systems previously shown to generate high levels of circular RNA, including the rearranged group-I-introns from phage T4 (ref. 39 ), the 'sno-lncRNA' system, which generates nuclear-enriched circular introns 40 as well as the tricY system. We expressed circular Broccoli using each expression system in HEK293T cells. Total RNA was harvested, and Broccolicontaining RNA was either not detectable or was expressed at markedly lower levels than that seen with the Tornado system ( Fig. 3e and Supplementary Fig. 4d ). Thus, the Tornado expression system generates substantially higher levels of circular RNA than other expression systems. Fully cleaved products and the side products of cleavage accumulated efficiently and rapidly after transcription. b, Fully cleaved products of transcription in a contain appropriate ends for circularization by the endogenous ligase, RtcB. We excised the fully cleaved RNA from a and performed an RtcB ligation reaction. RtcB treatment produced a shift in gel mobility that was not observed without ligation or with pre-treatment with PNK. This shift in gel mobility suggests that the fully cleaved RNA contains the appropriate ends for ligation. Staining of the gel with DFHBI-1T and comparison of fluorescence relative to SYBR Gold signal demonstrated that circular Broccoli is brighter than linear Broccoli. c, Twister-based racRNA expression generated substantially higher levels of circular RNA than the previous circular RNA-expressing system. HEK293T cells expressed racRNA Broccoli from a variety of racRNA expression systems (see Fig. 1 ) with different combinations of 5′ and 3′ ribozymes, and were compared to expression using the tricY system. Cells were treated with actD for 6 h to observe the drop in RNA levels after inhibition of novel RNA synthesis. The Twister P1 and Twister P3 U2A construct, dubbed 'Tornado', expressed high levels of Broccoli RNA that exhibited high stability, characteristic of circRNA. d, Tornado-expressed RNA is decisively circular. DNA-directed cleavage by RNase H of a linear RNA produced two bands, each of expected size given the transcript length and probe site. The identical treatment of the same sequence expressed from Tornado produced a single band similar in size to the uncleaved transcribed sample.
Tornado racRNAs achieve micromolar concentrations. We found that the Tornado expression system can result in RNA expression that matches levels of endogenous, highly expressed small RNA. SYBR Gold staining of total cellular RNA from HEK293T cells showed the expected abundant cellular RNAs such as tRNA, 5S and 5.8S RNA (Fig. 3e) . Notably, when total RNA was prepared from cells expressing Broccoli using the Tornado expression system, an additional band was detected at an intensity nearly equal to the 5.8S and 5S bands, and at an intensity greater than the tRNA bands. This band was clearly circular Broccoli, based on its mobility, staining with DFHBI-1T and its appearance only in cells transfected with the Tornado expression system. Thus, Tornado produces circular RNA that reaches levels similar to those of stable and highly expressed endogenous cellular RNAs. In many cases, aptamers need to be expressed at levels comparable to protein expression levels to modulate that protein's function. The intracellular concentration of circular Broccoli was therefore determined by generating a standard curve using RtcB-circularized in vitro transcribed Broccoli standards (Fig. 3c ). Lysates were prepared from a known number of cells, and the average intracellular volume of each cell line was calculated according to its diameter when in suspension (see Methods). Based on this analysis, circular Broccoli was 21 μM in HEK293T cells, 16 μM in HeLa cells and 1.6 μM in HepG2 cells. This indicates that racRNAs are expressed at levels that should saturate protein targets. HEK293T cells expressing Corn in a tRNA scaffold using a linear promoter, the tricY system, and the Tornado expression system were imaged using fluorescence microscopy after incubation of cells with the Corn-binding fluorogenic dye, DFHO. Scale bar, 25 μm. c, Quantification of Tornado-expressed circular RNA concentration in transfected cells. After three days of expressing Broccoli using Tornado, total RNA from HepG2, HeLa and HEK293T cells was harvested and separated by 10% PAGE alongside circular Broccoli standards (100, 10, 1, 0.1 ng). Normalizing for transfection efficiency, intracellular circular Broccoli concentrations were estimated as 1.6 μM for HepG2, 16 μM for HeLa and 21 μM for HEK293T cells (see Methods). d, The Tornado expression system resulted in efficient circularization of an RNA aptamer in a variety of cell lines. Three days after transfection with plasmids encoding linear Broccoli or circular Broccoli with either the tricY system or the Tornado expression system, cells (HepG2, HeLa and COS-7) were imaged by fluorescence microscopy with DFHBI-1T. Cell nuclei are labeled with Hoechst stain. In all cell types observed, green fluorescence from Broccoli was readily detected only when expressed using the Tornado expression system. Scale bar, 25 μm. e, Tornado-expressed circular Broccoli is highly abundant. Broccoli was expressed using the Tornado expression system and other methods for generating circular RNA in HEK293T cells. After separation of total RNA on a 6% PAGE gel, Broccoli-containing RNAs were detected by a DFHBI-1T gel stain while total RNA was detected by SYBR Gold. Circular Broccoli bands were substantially increased when expressed using the Tornado expression system compared to all other methods. The Tornado-generated circular Broccoli band detected by SYBR Gold is as abundant as the 5.8S, 5S and tRNA bands.
racRNA expression is not cytotoxic. We next asked whether expression of circular RNAs using the Tornado expression system would cause cytotoxicity. Expression of Broccoli using the Tornado expression system elicited low levels of apoptosis, similar to expression of a linear mCherry mRNA, as measured by cleaved poly (ADP-ribose) polymerase (PARP) (Supplementary Fig. 8a ). The cellular proliferation rate was also similar (Supplementary Fig. 8b ).
Next, we determined whether the expression of circular Broccoli would activate an innate immunity response, as has been observed for circular RNAs of foreign origin 41 . We measured activation of the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) pathway and retinoic acid-inducible gene I (RIG-I) levels, which are elevated following activation of the innate immune pathway 42, 43 . NF-κB pathway activation and RIG-I levels were not elevated following expression of circular Broccoli compared to those of the mCherry mRNA or linear Broccoli ( Supplementary Fig. 9a,b) . Overall, these data suggest that innate immune activation by racRNAs is negligible compared to conventional RNA expression systems.
Since racRNA biosynthesis may reduce the availability of RtcB, it is possible that RtcB-dependent tRNA maturation could be impaired. However, RNA blotting analysis showed minimal effects on the uncleaved:cleaved ratio of endogenous tRNA substrates of RtcB ( Supplementary Fig. 10 ). Thus, the Tornado expression system does not affect these various measures of cytotoxicity and normal cell function.
Tornado improves the efficacy of protein-inhibiting aptamers.
We asked whether expression of protein-binding aptamers using the Tornado system would render them effective protein-modulating agents. Several aptamers have been generated that bind the NF-κB protein monomers, p50 and p65 (refs. [44] [45] [46] ), preventing their transcriptional activity 47 . These aptamers were expressed as circular RNAs that include the Broccoli aptamer (Fig. 4a) so that aptamerexpressing cells could be detected based on Broccoli fluorescence. Expression of these racRNAs was confirmed by stability to actD treatment ( Supplementary Fig. 11a ).
We next assessed whether racRNAs would inhibit NF-κB signaling. In these experiments, NF-κB was activated by application of interleukin (IL)-1β (50 ng ml -1 , 2.5 h) to HEK293 cells. Transcriptional activation was measured using a luciferase reporter (see Methods). In control cells expressing circular Broccoli RNA without the NF-κB aptamer, IL-1β induced robust RNAs are designed to contain an F30 three-way junction (black) with Broccoli on one arm and an NF-κB aptamer on the other, while the circularizing stem forms at the base of the F30 three-way junction. This design allows for functional investigation of pathway-inhibiting aptamers while also probing for abundance of this circular RNA using Broccoli fluorescence. b, Tornado efficiently expresses the NF-κB aptamer as a racRNA in HEK293 cells. HEK293 cells were transfected with a plasmid expressing the NF-κB aptamer as either a linear RNA or racRNA for two days. Cells were then treated with actD for 6 h, and RNA was harvested to detect aptamer expression levels before and after actD treatment. Aptamer levels were detected based on in-gel staining using DFHBI-1T to detect Broccoli-containing RNA. Tornado-expressed racRNA generated a single, bright Broccoli fluorescent band that was resistant to actD treatment, while the linear band was barely detected (outlined in white and shown in a brightness-adjusted image on the right). c, The NF-κB aptamer is an effective pathway inhibitor when expressed using the Tornado expression system. IL-1β-induced NF-κB pathway activation was detected by luminescence in cells encoding luciferase driven by a NF-κB promoter. Cells expressed either the circular or linear NF-κB aptamer as indicated. IL-1β-induced luminescence is 8% inhibited by linear expression and 70% inhibited by circular expression. Circular RNA-expressing cells that were pre-sorted for aptamer expression based on their green fluorescence showed more efficient pathway inhibition (~85%). Luminescence was normalized according to the number of cells present during the assay. All signals were normalized to that of cells expressing RNA without the NF-κB aptamer after activation. Data in this panel represent the mean (n = 3 or 4 stimulation-and assay-independent samples).
luciferase activity (Supplementary Fig. 11b ). This was inhibited by BAY 11-7082, an NF-κB pathway inhibitor 48 . One of the aptamers (variant 5), previously shown to bind to the p65 dimer with 11 nM affinity 45 , strongly inhibited activation (~65%) ( Supplementary  Fig. 11b ). Additionally, inhibition of pathway activation was diminished when this aptamer was replaced with a low-binding affinity mutant (Supplementary Fig. 11b ). Thus, we proceeded with further experiments using this aptamer.
Next, we compared the activity of the NF-κB aptamer when expressed as either a linear RNA or a racRNA. The linear aptamer was degraded by actD and the Tornado-expressed aptamer was more abundant and stable (Fig. 4b) . Expression of the linear aptamer inhibited pathway activation by only 8%, while the circular aptamer blocked 65% of activation (Fig. 4c) . Additionally, after enriching for cells expressing the circular NF-κB aptamers by sorting transfected cells for Broccoli fluorescence, 85% of pathway activation was inhibited (Fig. 4c) . We also observed that the circular aptamer was more folded than the linear aptamer using a B max (maximum number of binding sites) calculation (Supplementary Fig. 12a,b) . Thus, expression as racRNAs markedly improves the effectiveness of pathwayinhibiting aptamers.
Imaging of cellular metabolites using circular RNA. Genetically encoded biosensors can be developed using fluorogenic RNA aptamers such as Spinach and Broccoli. Typically, RNA-based biosensors are constructed by fusing an aptamer that binds the molecule of interest with the fluorogenic aptamer by a transducer stem. In this way, binding of the metabolite leads to folding and fluorescence of the fluorogenic aptamer 9 . Because RNA devices are highly unstable in mammalian cells, they have been used only in bacterial cells 49 , many of which can contain high levels of T7 RNA polymerase, thereby ensuring high expression in the bacterial cytosol.
To test whether these RNA devices could be used in mammalian cells when circularized by the Tornado system, we expressed a SAM biosensor composed of Broccoli and a SAM-binding aptamer derived from a SAM riboswitch 9 . A linear biosensor with a similar sequence has previously been used in E. coli
We designed the racRNA so that circularization would occur at the Broccoli base of the Broccoli-SAM aptamer fusion (Fig. 5a) . Although the SAM biosensor was previously optimized in the context of a linear RNA 9 , we re-optimized the biosensor in the circular RNA context to have the optimal signal relative to background. For these optimization experiments, we selected four transducers of variable length and sequence (Fig. 5b) . These transducers were inserted between Broccoli and the SAM aptamer, expressed in cells and cellular RNA was harvested. Each of the transducer variants was expressed as a racRNA (Supplementary Fig. 13 ). The RNAs were resolved by gel electrophoresis, and both background and SAM-induced fluorescence were measured in the gel by sequentially adding increasing amounts of SAM to the DFHBI staining buffer (Fig. 5c) Biosensors are designed so that Broccoli folds only when SAM binds to the SAM aptamer. SAM binding to its aptamer leads to folding of the aptamer and stabilization of the transducer stem. The stabilized transducer stem then facilitates Broccoli folding. The SAM biosensor was expressed using the Tornado expression system such that the circularizing stem would be located on the opposite end of Broccoli. This design is adapted from previously reported linear SAM biosensors 9 . b, Sequences of biosensor variants for biosensor optimization. The overall sequence and simplified structure of the SAM aptamer and transducer region are shown. Four different transducers were tested and the sequence of each is shown, boxed. c, In vitro optimization of the SAM biosensor's transducer stem for SAM detection. RNA from HEK293T cells expressing each biosensor variant using Tornado was harvested, resolved on a PAGE gel and then stained with DFHBI-1T to detect RNA bands corresponding to the SAM biosensor. Shown is quantified fluorescence after addition of the indicated concentrations of SAM to the staining solution. Band intensities were normalized to the brightness of the control Broccoli band on the right. Shown is an image of the gel stained with DFHBI-1T along with the highest SAM concentration (1,000 μM). The minimal transducer stem (Transducer 1) produced the greatest signal:noise ratio as measured by fluorescence in the presence and absence of SAM. d, Dynamic detection of intracellular SAM levels using the Tornado-expressed biosensor. HEK293T cells expressing the circular SAM biosensor or circular Broccoli were imaged after treatment with cycloleucine and after replacement of the media with cycloleucine-free media. Images are shown at 15 min intervals along with results for a representative fluorescent cell. Scale bar, 25 μm. e, Quantification of live-cell SAM levels based on biosensor fluorescence. Total cell fluorescence from the biosensor was quantified from d (see Methods) at 5 min intervals and plotted after normalization to the signal from a cell expressing circular Broccoli at the corresponding time points. SAM decay was observed following addition of cycloleucine (orange), and SAM recovery (green) is seen after withdrawal of cycloleucine.
(Transducer 1) exhibited the largest signal relative to background, high specificity and rapid kinetics of fluorescence activation by SAM ( Supplementary Fig. 14a,b) . Therefore, this biosensor was used for detection of SAM in all subsequent experiments.
Next, we expressed the optimized SAM biosensor in HEK293 cells both as a linear RNA and a racRNA. As expected, gel staining of whole-cell RNA showed substantially higher expression of the circular SAM biosensor than the linear biosensor ( Supplementary Fig. 14c) .
We then sought to determine whether the SAM biosensor would detect dynamic changes in SAM levels in HEK293 cells. We readily detected Broccoli fluorescence when the biosensor was expressed using Tornado. Cells expressing the linear biosensor had no detectable fluorescence at this exposure time (200 ms) ( Supplementary  Fig. 14d ). Within 30 min after application of cycloleucine, a SAM biosynthesis inhibitor 50 , the fluorescence of cells expressing the circular SAM biosensor was noticeably reduced, with a complete loss of fluorescence within 2 h (Fig. 5d) . Cells expressing the Broccoli aptamer as a racRNA without the SAM aptamer showed no change in fluorescence following treatment with cycloleucine ( Fig. 5d) . Therefore, the reduction in fluorescence in cells expressing the SAM biosensor reflects a selective effect of cycloleucine on intracellular SAM levels rather than a non-specific effect on Broccoli fluorescence.
Next, we washed out the cycloleucine to determine whether the drop in intracellular SAM levels was reversible. Following replacement of the media with cycloleucine-free media, fluorescence levels rapidly increased to those observed at the beginning of the experiment (Fig. 5d) . No change in fluorescence was observed in cells expressing racRNA Broccoli (Fig. 5d) . This demonstrates that the Tornado expression system allows the SAM biosensor to accumulate to a level that is sufficient for imaging of metabolites in mammalian cells.
Discussion
Synthetic RNA biology entails the use of engineered RNA to manipulate and image cellular function. Because RNA aptamers and devices are highly unstable in mammalian cells, these tools are rarely used for synthetic biology applications in mammalian cells. We show that this problem is overcome by the Tornado expression system, which expresses RNA in the form of a circle without the need for co-expression of any proteins. The resulting circular RNAs are highly stable and achieve remarkably high expression levels in cells, comparable to those of proteins and the most abundant endogenous small RNAs in cells. The Tornado expression system involves expression of RNAs that contain Twister ribozymes flanking an RNA sequence of interest. This transcript autocatalytically processes itself to become a substrate for RtcB, an endogenous and nearly ubiquitous RNA ligase detected in nearly all animals, bacteria and archaea [20] [21] [22] . The RNA then undergoes end-to-end ligation, resulting in efficient expression of highly stable circular RNA.
Tornado-expressed racRNA aptamers show efficient inhibition of their target proteins. Additionally, RNA-based metabolite biosensors that could previously be used only in bacteria can now be used in mammalian cells to image metabolite dynamics. We expect that the Tornado expression system will readily facilitate the use of diverse aptamer technologies and RNA-based devices in mammalian cells.
Most endogenous circular RNAs are generated by back-splicing, a process that involves the mRNA splicing machinery 14, 15 . In contrast, the Tornado expression system represents-to our knowledge-a previously unknown strategy for the generation of circular RNA.
Circularization is facilitated by hybridization of the pre-racRNA ends, which places the 5′ and 3′ ends near each other for RtcBmediated ligation via a stem that forms by hybridization of the 5′ and 3′ ends of the pre-racRNA. The stem is designed to be relatively short, to prevent activation of endogenous double-stranded RNA-detection pathways. Expression of RNAs using the Tornado expression sequence will optimally contain this additional sequence, which facilitates RtcB-mediated ligation.
Although longer circular RNAs have been variably observed in the nucleus or cytoplasm 15, 51, 52 , we readily detected racRNAs in the cytoplasm based on the fluorescence of the circular fluorogenic aptamers. The small size of racRNAs may allow them to pass through the nuclear pores and enter the cytoplasm. Thus, racRNA expression may be useful for manipulating or imaging cytosolic processes.
The Tornado expression system should enable the use of RNAbased tools generated by SELEX 1,2 to manipulate mammalian cells. The high levels of expression of circular RNAs using the Tornado expression system may render them especially effective for sponging microRNAs 53 . Since circular RNAs can be templates for translation in cells 54, 55 , the high level of expression described here may considerably enhance the protein synthesis levels achieved using this approach. For any circle synthesized using the Pol III promoter described here, internal U-rich Pol III termination sequences need to be avoided to ensure transcription of the full-length RNA.
Although the circular RNA expressed here did not exhibit cytotoxicity, circular RNAs that contain binding sites for an important RNA-binding protein or microRNA could elicit a cytotoxic response by sequestering these biomolecules. Although racRNAs could be used for therapeutic applications, further studies will be required to establish whether they exhibit toxicity in animals.
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Methods
Preparation of RNA and observation of ribozyme cleavage. Double-stranded DNA for in vitro transcription was prepared from single-stranded DNA templates (Integrated DNA Technologies) and designed to contain a 5′ T7 promoter. Templates were amplified by PCR using Taq DNA polymerase (New England Biolabs, no. M02373) or Phusion High-Fidelity DNA Polymerase (New England Biolabs, no. M0530) and checked for quality by 0.8% agarose gel electrophoresis. Impure reaction products were isolated by gel excision and purified with the Qiaquick Gel Extraction kit (Qiagen, no. 28704). Pure PCR reactions were purified with the Qiaquick PCR purification kit (Qiagen, no. 28104).
In vitro transcription reactions using the AmpliScribe T7-Flash transcription kit (Lucigen, no. ASF3507) were carried out at 37 °C. For observation of ribozyme cleavage, transcription reactions were quenched by the addition of PAGE sample buffer containing urea (ThermoFisher, No. LC6876). Samples were separated using a precast 6% Tris-borate-EDTA (TBE)-urea gel (Life Technologies, no. EC68655), and run at 270 V in TBE buffer until completion. After staining with SYBR Gold (ThermoFisher, no. S11494) diluted 1:10,000 in TBE buffer, RNA bands were imaged using a ChemiDoc MP (Bio-Rad) with a preset channel (302 nm excitation and 590/110 nm emission).
All other transcription reactions for preparation of RNA were incubated overnight. Reactions were treated with RNase-Free DNase I (Lucigen, no. ASF3507) at 37 °C for at least 30 min to remove DNA templates, and then with 13.3 mM EDTA free of RNases (Sigma Aldrich, no. 03690) and incubated at 75 °C for 10 min. RNA was then purified from reactions using the RNA Clean & Concentrator kit (Zymo Research, no. R1015).
Excision and purification of RNA. After staining of PAGE gels, individual RNA bands were isolated from the gel. Bands were excised from gels and crushed by spinning through Gel Breaker tubes (IST Engineering, Inc., no. 3388-100). Samples were incubated in an extraction buffer (10 mM Tris-HCl, pH 6.8, 300 mM NaCl, 1 mM EDTA, prepared at room temperature) for 1 h at 25 or 37 °C and, after placing samples on dry ice briefly to freeze, they were incubated for an additional 1 h. Remaining gel pieces were removed through Costar SpinX columns (Corning, no. 8161), which was followed by ethanol precipitation.
Reactions of RNA templates with T4 PNK and RtcB. After gel purification of autocatalytically cleaved RNA, 300 pmol were treated with T4 PNK (New England Biolabs, no. M0201) according to the manufacturer's protocol at 37 °C for 30 min and inactivated for 20 min at 65 °C. The products were cleaned by phenol chloroform extraction using heavy phase-lock tubes (Quantabio, no. 2302830). Next, 10 pmol of either this purified T4 PNK-treated RNA or gel-purified RNA was ligated using RtcB Ligase (New England Biolabs, no. M0458) for 1 h at 37 °C.
Cloning of autocatalytic circRNA constructs. DNA templates containing Broccoli and each of the ribozyme combinations were prepared as described above, with flanking SalI and XbaI restriction sites. Designed using SnapGene software (GSL Biotech), these constructs were cloned downstream of a U6+27 promoter and upstream of the U6 terminator in a pAV vector containing the SV40 origin 56 . This U6 promoter includes the first 27 nucleotides of U6 RNA as described previously. Subsequent plasmids were made in the same way for cloning of one or two aptamers directly into the Tornado expression cassette at NotI and SacII, RsrII or KflI restriction enzyme sites. A gene for mCherry fluorescent protein expression was introduced into the backbone of this vector.
Cell culture and transfection. HEK293T/17 (ATCC CRL-11268), COS-7 (ATCC CRL-1651), HepG2 (ATCC HB-8065) and HeLa (ATCC CCL-2) cells were maintained in ×1 DMEM (Life Technologies, no. 11995-065) with 10% fetal bovine serum (FBS), 100 U ml -1 penicillin and 100 μg ml -1 streptomycin under standard tissue culture conditions. NF-κB reporter (luciferase) HEK293 (BPS Biosciences, no. 60650) cells were maintained in these conditions with 50 μg ml -1 hygromycin B (Life Technologies, no. 10687010). All cells were split using TrypLE Express (Life Technologies) according to the manufacturer's instructions.
Cell lines were plated for transfection using FuGENE HD (Promega, no. 2311), according to the manufacturer's instructions, with OptiMEM I Reduced Serum Media (ThermoFisher, no. 31985).
For experiments testing the stability of circRNAs, 5 μg ml -1 actD (Sigma Aldrich, no. A9415) was added to cells for 6 h before extraction of RNA.
RNA extraction. RNA was harvested from cultured cells by removing media and detaching enzymatically or directly lifting cells with ×1 phosphate buffered saline (PBS) (ThermoFisher, no. 10010031). Cell suspensions were mixed with TRIzol LS Reagent (Invitrogen, no. 10296010), then frozen and stored at -20 °C or purified immediately according to the manufacturer's instructions.
Total RNA concentrations were normalized using a NanoDrop 2000 (Thermo Scientific).
In-gel Broccoli imaging. Total RNA (1.0-2.5 μg) was separated using precast 6% or 10% TBE-Urea Gels (Life Technologies, no. EC68655), and run at 270 V in TBE buffer until completion. Gels were washed and probed for Broccoli as previously described 57 , using minimal volumes (15 ml) to reduce escape of RNA from the gel. Gels were washed 3 × 5 min with water and then stained for 30 min in 10 μM DFHBI in buffer prepared at room temperature containing 40 mM HEPES, pH 7.4, 100 mM KCl and 1 mM MgCl 2. Broccoli bands were then imaged using a ChemiDoc MP (Bio-Rad) with 470/30 nm excitation and 532/28 nm emission. Gels were washed additionally with water and stained with SYBR Gold (ThermoFisher, no. S11494) diluted in TBE buffer. RNA bands were then imaged using a ChemiDoc MP (Bio-Rad) with a preset channel (302 nm excitation and 590/110 nm emission). Gel band intensities were quantified in Image Lab 5.0 software (Bio-Rad).
Reactions of circRNA with exoribonuclease. RNA was treated with T4 PNK or RtcB as described above. Products were purified using phenol chloroform extraction as described above. Purified reactions were treated with RNase R (Lucigen, No. RNR07250) as recommended by the manufacturer.
Site-specific circRNA cleavage. We designed a construct using Tornado that would express a 275 nt circRNA containing a series of scrambled RNA sequences as well as Broccoli. We transfected this plasmid into HEK293T cells, then extracted the RNA and purified the band where we observed in-gel Broccoli fluorescence, as described above. We prepared a sample of linear RNA with the same sequence by in vitro transcription and column purification. We also designed a 15 nt antisense DNA primer (Integrated DNA Technologies) with reverse complementarity for a region of the scrambled RNA sequence. Site-specific cleavage was performed in reactions containing 100 ng of the target RNA, 10 pmol of the antisense primer, RNasin ribonuclease inhibitor (Promega, no. N211A) and 0.5 μl Hybridase thermostable RNase H (Lucigen, no. H39500) in a total volume of 10 μl. Reaction buffer contained 100 mM NaCl, 40 mM Tris-HCl, pH 7.7, 4 mM MgCl 2 , 1 mM dithiothreitol and 0.03% bovine serum albumin (BSA) prepared at room temperature. Reactions were incubated at 50 °C for 10 min before addition of Hybridase. Reactions proceeded for 2 h at 42 °C.
Sequencing of expressed racRNAs. RacRNAs were harvested from HEK239T cells with TRIzo LS Reagent (Invitrogen, no. 10296010) and purified by excision from denaturing acrylamide gels. Isolated RNAs were reverse transcribed using SuperScript III (ThermoFisher, no. 18080093) and subsequently amplified by Taq DNA polymerase (New England Biolabs, no. M02373) using convergent primers. Amplified DNA was visualized as a ladder of bands on agarose gels, and specific bands were excised (see Supplementary Fig. 7a ). Excised DNA was cloned by TA cloning into the vector pCR4-TOPO (ThermoFisher, no. K457502), and individual clones were sequenced.
Microscopy and image processing. For imaging of cells, we used either precoated 3.5 cm glass-bottom dishes (MatTek Corporation, no. P35GC-1.5-14-C) or glass-bottom 24-well plates 1.5 (MatTek Corporation, no.P24G-1.5-13-F) that were coated with poly-d-lysine (Cultrex, No. 3429-100-01) for at least 3 h and rinsed twice in ×1 PBS. For cells that required imaging of longer than a few hours, these plates and dishes were additionally coated with Cultrex mouse laminin I (ThermoFisher, no. 50948048) for at least 1 h and rinsed twice in ×1 PBS. Cells were subcultured onto glass-bottom vessels 1-2 days after transfection, depending on the experiment. Thirty minutes before imaging, the medium was changed to FluoroBrite medium (ThermoFisher, no. A1896701) containing 40 μM DFHBI-1T or DFHO (synthesized 38 or Lucerna, no. 500-1mg) and 0.1 μg ml -1 of Hoechst 33342 (ThermoFisher, no. H3570). Live cell fluorescence images were obtained with a CoolSnap HQ2 CCD camera through a ×20 or ×40 air objective mounted on a Nikon Eclipse TE2000-E microscope and analyzed with NIS-Elements software. Conditions were maintained at 37 °C and 5% CO 2 . The filter set used for Broccoli detection was a filter cube with excitation filter 470 ± 20 nm, dichroic mirror 495 nm (long pass) and emission filter 525 ± 25 nm. mCherry was detected using a 560 ± 20 nm excitation filter, 585 nm (long pass) dichroic mirror and 630 ± 37.5 nm emission filter. For Corn detection we used a filter cube with excitation filter 500 ± 12 nm, dichroic mirror 520 nm (long pass) and emission filter 542 ± 13.5 nm. Hoechst-stained nuclei were imaged with a 350 ± 25 nm excitation filter, 400 nm dichroic mirror (long pass) and 460 ± 25 nm emission filter (all filters provided by Chroma Technology). Exposure times: 200-500 ms for Broccoli, 200 ms for mCherry and Hoechst. Total cell fluorescence was computed using ImageJ by measuring the total signal in a cell's area and subtracting the background, which was measured by multiplying this area by the average background of an untransfected cell.
Flow cytometry comparing Broccoli-expressing cells. Three days after transfection, HEK293T cells were harvested and resuspended in 4% FBS/×1 PBS containing 40 μM DFHBI-1T and kept on ice till analysis. Cells were analyzed using a LSRFortessa (BD Biosciences). Populations of cells were gated to avoid cell doublets detected by forward and side scattering, followed by gating for live cells by DAPI fluorescence (355 nm excitation and 450/50 nm emission). Untransfected cells were used as a negative control for gating of Broccoli fluorescence (488 nm excitation and 530/30 nm emission). Plots were generated using FlowJo software (Tree Star, Inc.).
Comparison of Tornado to other circular RNA expression methods. Broccoli was cloned into other circular RNA-generating expression systems. The permutedintron-exon system based on group I intron splicing was derived from the td T4 bacteriophage gene as previously described 39, 58 and driven by the U6+27 promoter. Plasmids generating spliced sno-lncRNA containing Broccoli 40 and tRNA intron circular RNA containing Broccoli 24 were prepared as described previously.
Quantification of intracellular RNA concentrations. HepG2, HeLa and HEK293T cells were transfected with a plasmid encoding Tornado expression of Broccoli and a pSuperior plasmid for mCherry expression in a 1:1 ratio. After 2 days, cells were suspended using TrypLE. Each cell type was plated for imaging so that transfection efficiency could be quantified by red fluorescence the next day. For each cell suspension, the diameter and cell quantity in each cell line were quantified and then total RNA was extracted from each using TRIzol LS as described above. We calculated the gross intracellular volume of each sample based on quantification of cell number and diameter (13 μm for 293T, 20 μm for HeLa and 18 μm for HepG2). The average cellular volume was calculated using the formula for spherical volume. We then ran 1 μg of each cell line's total RNA by 10% denaturing PAGE and imaged Broccoli fluorescence in the gel using DFHBI-1T as described above. We quantified the amounts of circular Broccoli loaded on the gel by loading an in vitro circularized racRNA standard (0.01-100 ng) of the same sequence in adjacent lanes. We then calculated the gross amounts of circular Broccoli for each sample and calculated intracellular concentration. Lastly, we corrected our concentration values for transfection efficiency observations made in each cell line. Stimulation and detection of NF-κB signaling. HEK293 recombinant cells containing a NF-κB promoter-driven luciferase reporter (BPS Sciences, no. 60650) were used to detect activation of the NF-κB pathway. Two days after plasmid transfection, cells were transferred to 96-well plates in triplicate for luminescence detection. The next day, we stimulated cells and detected their activation. Chemically inhibited cells were incubated with 50 μM BAY 11-7082 (Santa Cruz Biotechnology, no. sc-200615) for 30 min. Cells were stimulated with 50 ng ml -1 recombinant human IL-1β (Peprotech, no. 200-01b) for 2.5 h. Luminescence was generated with the One-Glo luciferase assay system (Promega, no. E6110) as recommended by the manufacturer and detected at 570 nm (Molecular Devices SpectraMax L microplate reader).
Electrophoretic mobility shift assay for aptamer binding. Binding of NF-κB aptamers with p65 was detected by electrophoretic mobility shift assay. Samples (15 ul Circular SAM biosensor design and in-gel activation. The previously described SAM biosensor uses Spinach, which was replaced with Broccoli, since that is predicted to have a similar overall structure with improved folding in cells 23 .
Transducer variants of Broccoli-SAM aptamer fusions were cloned into the pAV-U6+27-Tornado vector for circRNA expression. Two days after transfection of these plasmids and the plasmid for circular Broccoli into HEK293T cells, actD was added to cells, which were then harvested and the RNA extracted as described above. Isolated RNAs from cells treated or untreated with actD were separated using a 6% or 10% denaturing polyacrylamide gel, and the gels were imaged using DFHBI-1T followed by SYBR Gold staining.
We detected activation of biosensor fluorescence in a polyacrylamide gel by first staining with standard fluorescence buffer (10 μM DFHBI-1T, 40 mM HEPES, pH 7.4, 100 mM KCl, 1 mM MgCl 2 ) prepared at room temperature. After imaging, we then added 1 μM SAM (Sigma Aldrich, no. A7007) to the imaging buffer, stained the gels for an additional 30 min and imaged the signal again. This was repeated three more times after progressively adjusting SAM concentrations to 10, 100 and 1,000 μM. Transducer variant signals were compared at each concentration after normalization to the signal for circular Broccoli in each image.
Intracellular SAM imaging and quantification. HEK293T cells were transfected with Tornado plasmids encoding either the circular SAM biosensor with transducer 1 or circular Broccoli. Two days later, these cells were subcultured onto coated glass-bottom plates (MatTek Corporation, no. P24G-1.5-13-F) and imaged the next day. Using the live cell conditions described above, we imaged cells before and for 3 h after addition of cycloleucine (Sigma Aldrich, no. A48105) to 100 mM at 5 min intervals. Then, we withdrew cycloleucine and continued to image cells every 5 min for three additional hours. ImageJ 59 was used for processing images and for measurement of total cell fluorescence at each time point.
Fluorescence measurements of biosensor fluorescence in vitro. Biosensor RNA was transcribed in vitro using the AmpliScribe T7-Flash transcription kit (Lucigen, no. ASF3507) as describe above. RNAs were column purified and diluted to 1 μM in a buffer prepared at room temperature containing 10 μM DFHBI-1T, 100 mM KCl, 0.2 mM MgCl 2 and 40 mM HEPES, pH 7.4. SAM, S-adenosyl homocysteine, adenosine or methionine (all from Sigma Aldrich) were added to samples at 100 μM and fluorescence signal was measured at room temperature using a Fluoromax-4C (Horiba Scientific) with 470 nm excitation and 505 nm emission, 5 nm slit width and 0.1 s integration time.
To measure biosensor activation rate, the biosensor RNA was prepared to 1 μM in a buffer containing 10 μM DFHBI-1T, 100 mM KCl, 5 mM MgCl 2 and 40 mM HEPES, pH 7.4 in a constantly stirred cuvette at 37 °C. Fluorescence was collected by kinetics acquisition with 0.2 s integration time and, after 1 min of collecting background signal, 100 μM of SAM was quickly added to the cuvette.
Reporting Summary. Further information on research design is available in the Nature Research Reporting Summary linked to this article.
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